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300 °K to the value of b=5 (computed value) at
4.2°K. This is indeed consistent with the observed
Veue-vS-B data for T at 300 and 4.2°K. The
change in mobility ratio with temperature has also
been observed in InSb.?

Figure 2 illustrates the plot of (Vpye/B) vs AG/G,
for T=300, 77, 21, and 4.2 K. The results (slope
of this plot is one) at all temperatures show that no
trapping effect is involved in the entire tempera-
ture range.®” It is noted in Fig. 4 that the devia-
tion from linearity [as is predicted by Eq. (5)] at
higher magnetic field is due to the fact that the
photoconductance becomes magnetic field dependent
as B is increased.

LI AND C. 1.

HUANG
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IV. CONCLUSIONS

Experimental study of the PME and PC effects
in n-type InAs single crystals has been extended
from room temperature down to 4.2°K. The re-
sults are in good agreement with the theory devel-
oped previously. Carrier lifetimes and mobilities
are deduced from the present results. Measure-
ments of the PME and Hall effect at low tempera-
tures enable us to determine both the majority and
minority carrier mobilities in n-type InAs. Study
of the PME and PC effects show that no trapping
is involved in the entire temperature range for the
present samples.
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The phonon dispersion relations in the three symmetry directions of the noble metals copper,
silver, and gold at room temperature have been determined from a model for the lattice dy-

namics of metals recently propounded by Chéveau.

cent neutron scattering experiments.

The lattice dynamics of metallic crystals has
been the subject of investigation by many theoreti-
cal and experimental workers over the past sever-
al years.' In the last few years, a number of mod-
els?=% have been developed for studying phonon
dispersion in cubic metals, considering explicitly
the presence of conduction electrons. Many of
them, however, have not been able to stand the
test of recent neutron scattering experiments. For
example, the recent model of Krebs® satisfies the
symmetry requirements, but suffers from a seri-
ous lack of internal equilibrium and necessitates
external forces to maintain the system in equilibri-
um. Quite recently Chéveau® has propounded a
model for the lattice dynamics of cubic metals
which is free from these discrepancies. It satis-
fies the symmetry properties of a cubic lattice by
using Lax’s” expression for the electron-ion inter-
action contribution and preserves internal equilibri-
um without recourse to external forces. The ion-

The results agree reasonably well with re-

ion interaction is described by the first two terms
in the Taylor expansion of the potential energy.
This model has furnished a reasonably satisfactory
description of the lattice vibrations in alkali met-
als, ® and of the temperature variations of the ther-
mal expansion, Debye-Waller factors, and trans-
port properties of a number of cubic metals, %*1°
In this paper we report a study of phonon dispersion
relations in noble metals on the Chéveau model.
The motivation for this study was the recent ap-
pearance of detailed phonon dispersion curves for
copper'!~'3 and silver'*'** from experiments on co-
herent inelastic neutron scattering.

The secular equation determining the angular
frequencies w of the normal modes of vibration in
a cubic metal can be written as

|M(3) -m 21| =0, ()

where m is the mass of an atom in the lattice and
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Constants for the noble metals used in the calculation.

Elastic constants

(10! dyn/cm?) Density Lattice parameter
Metal Cn C12 C“ (g/cms) (A)
Copper 2 16.839 12.142 7.539 8.96 3.616
Silver? 12.399 9. 367 4.612 10.49 4.080
Gold® 19. 234 16.314 4.195 19.32 4.070

3W. C. Overton and J. Gaffney, Phys. Rev. 98, 969
(1955).

I is the unit matrix of order 3. Using the model
of Chéveau, the elements of the dynamical matrix

J

M(q)=4(a1+a5)(2-C;C; =C;C,) +40,(1 -C,C))

®J. R. Neighbours and G. A. Alers, Phys. Rev. 111,
707 (1958).

M(Q) for a face-centered cubic lattice can be
written as

(a+ﬁ)i(a+ﬁ)i K,K;

+2a° X (0) K, 2. (

K

(3+K); (§+K);

- = - = — - ’ (za)
1q+KR +22(1q+KI/2kg) iK|z+>\2(lK|/2kF))

KK,

K

M (@)=40a,S; S,+2a3)\z(0)KeZ<

where S;=sin(g; a) and C;=cos(q;a). Here g; is

the ith Cartesian component of the phonon wave vec-
tor q, K is the reciprocal-lattice vector, kF is the
Fermi wave number, a is the semilattice parameter,
and A(k) is the Thomas-Fermi screening parameter
as modified by Langer and Vosko.'® The parameters
a, and «, are the first two derivatives of the poten-
tial energy at the nearest-neighbor separation, and
the factor K, arises from the electron-ion interac-

|&+K|2+x2(|a+ii/2kF)_|1‘<12+x2(|§|/2kF)> ’

(2b)

tion. Considering the long-wavelength limit of

(1), the parameters a;, @3 and K, can be related
to the three independent elastic constants of a cubic
metal through the relations

Q= za(Cyy - Ci2-Cad),
ay==-a(Cy —Cyp -2Cy), (3)

Ke= 2Cu - C12 - 3C44 .
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The frequency-versus—wave-vector dispersion
relations along the symmetry directions [00¢],
[ozz], and [¢zg] of the noble metals copper, silver,
and gold at room temperature are determined from
solutions of secular equation (1) along these direc-
tions. The elastic constants and other relevant
parameters of the metals used in the calculation
are given in Table I. The resulting phonon disper-
sion curves are plotted in Figs. 1-3together with ex-
perimental values obtained from recent neutron scat-
tering experiments. Inthesefigures Land T label the
longitudinal and transverse polarization modes.

Several neutron scattering studies of lattice vi-
brations in copper' ~!*!"=1® have been reported by

many workers. However, except for the work of
Sinha and Squires, !* Svensson et al., ** and Nicklow
et al.,'® the results of these studies have been in-
complete and somewhat inaccurate. For the pur-
pose of comparison, we have chosen the measure-
ments of Svensson e al. '? and of Nicklow et al., '
which are in broad agreement with those of Sinha
and Squires. The phonon dispersion relation in
silver at room temperature has recently been re-
ported by Drexel et al.** and by Kamitakahara and
Brockhouse, '° the latter measurements being more
extensive. The experimental points of both these
measurements are plotted in Fig. 2. For gold, no
measurement of dispersion relations has yet been
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carried out.

Figures 1 and 2 show that there is reasonably
satisfactory agreement between theoretical and
experimental data, except for the longitudinal
branches in the [00¢] and [¢¢¢] directions near the
zone boundary. The deviations are attributable to

IN NOBLE METALS 4639
the assumption of short-range interionic interac-
tion in the secular equation.

One of the authors (P. K. S.) thanks the Depart-
ment of Atomic Energy, Bombay, for financial sup-
port. Thanks are also due to W. Drexel for help-
ful correspondence.

13, K. Joshi and A. K. Rajagopal, in Solid State
Physics, edited by F. Seitz, D. Turnbull, and H. Ehren-
reich (Academic, New York, 1968), Vol. 22, p. 159.

%J. De Launey, J. Chem. Phys. 21, 1975 (1953).

SA. B. Bhatia, Phys. Rev. 97, 363 (1955); A. B. Bhatia
and G. K. Horton, ¢bid. 98, 1715 (1955).

4p, K. Sharma and S. K. Joshi, J. Chem. Phys. 39,
2633 (1963); 40, 662 (1964).

K. Krebs, Phys. Rev. 138, A143 (1965).

1. Chéveau, Phys. Rev. 169, 496 (1968).

™. Lax, in Proceedings of the International Confevence
on Lattice Dynamics, Copenhagen, 1963, edited by R. F.
Wallis (Pergamon, New York, 1965), p. 185.

8p, K. Sharma and N. Singh (unpublished).

°P. K. Sharma and N. Singh, Phys. Rev. B 1, 4635
(1970).

N. Singh and P. K. Sharma, Phys. Rev. B 3, 1141
(1971); P. K. Sharma and N. Singh (unpublished).

g, K. Sinha, Phys. Rev. 143, 422 (1966); S. K. Sinha
and G. L. Squires, in Lattice Dynamics, edited by R. F.

Wallis (Pergamon, London, 1965), p. 53.

12E, C. Svensson, B. N. Brockhouse, and J. M. Rowe,
Phys. Rev. 155, 619 (1967).

3R. M. Nicklow, G. Gilat, H. G. Smith, L. J. Rauben-
heimer, and M. K. Wilkinson, Phys. Rev. 164, 922 (1967).

4w, Drexel, W. Gliser, and F. Gompf, Phys. Letters
28A, 531 (1969).

15w, A. Kamitakahara and B. N. Brockhouse, Phys.
Letters 29A, 639 (1969).

185, S. Langer and S. H. Vosko, J. Phys. Chem. Solids
12, 196 (1959).

1p, Cribier, B. Jacrot, and D. Saint-James, in In-
elastic Scattering of Neutvons in Solids and Liquids (IAEA,
Vienna, 1961), p. 543.

8, Maliszewski, J. Sosnowski, K. Blinowski, J.
Kozubowski, I. Padio, and D. Siedziewaka, in Inelastic
Scatteving of Neutvons in Solids and Liquids (IAEA,
Vienna, 1963), Vol. 2, p. 87.

1w, Buhrer, T. Schneider, and W. Gldser, Solid State
Commun. 4, 443 (1966).

PHYSICAL REVIEW B

VOLUME 4,

NUMBER 12 15 DECEMBER 1971

Energy Bands for KCIT

Nunzio O. Lipari and A. B. Kunz
Department of Physics and Matevials Research Labovatory,
University of Illinois, Urbana, Illinois 61801
(Received 23 July 1971)

Two ab initio calculations for KC1 are reported. The first is a self-consistent Hartree-
Fock calculation (accurate to first order in interatomic overlap) and the second includes cor-

relation effects due to electron-electron interaction.

The results are in excellent agreement

with previous ab initio calculations and with experiment.

In the last two years a great deal of effort has
been made by the authors, individually® ? and
jointly, 3 in calculating the energy bands of insulating
crystals from a first-principles point of view.
These calculations have proved that (a) A Hartree-
Fock calculation gives results which do not com-
pare well with experiments; (b) correlation effects
are very important and, after they are properly
included, the agreement with experiment is very
good. In this short paper we show that this is also
true in the case of KCl.

Since the various techniques used in the present
calculations are extensively described elsewhere!~?
we refer the reader to those papers for details.

We proceed as follows: (a) We first perform a
Hartree-Fock calculation using local orbitals* for
the K* and CI1” ion accurate to first order in inter-

atomic overlap®; (b) we then include electronic
correlation effects using the same procedure as in
our previous works.® The method used for cal-
culations is the mixed-basis (MB) method.® All
the calculations were performed on the IBM 360-75
computer at the University of Illinois. The local
orbital core states included in the MB method were
the 1s, 2s, 2p states for both the C1™ and K* states.
The dielectric function €(g) needed in treating cor-
relation effects is that given in Ref. 7. The re-
sults at T, X, L, and A% are shown in Table I.
From the Hartree-Fock results we obtain a band
gap (T'y5—T,) of 11.76 eV; the electronic affinity

is —1.69 eV; the photoemission threshold is

10.07 eV; the 3p(C1°) valence bandwidth is 3. 63

eV and the 3s (CI°) band is 0.50 eV wide. When
correlation effects are included, we get the values



